Abstract. Zenith-directed Fabry-Perot Spectrometer (FPS) and 3-Field Photometer (3FP) observations of the λ630 nm emission (∼240 km altitude) were obtained at Davis station, Antarctica, during the austral winter of 1999. Eleven nights of suitable data were searched for significant periodicities common to vertical winds from the FPS and photometric variations from the 3FP. Three wave-like events were found, each of around one or more hours in duration, with periods around 15 minutes, vertical velocity amplitudes near 60 m s −1 , horizontal phase velocities around 300 m s −1 , and horizontal wavelengths from 240 to 400 km. These characteristics appear consistent with polar cap gravity waves seen by other workers, and we conclude this is a likely interpretation of our data. Assuming a source height near 125 km altitude, we determine the approximate source location by calculating back along the wave trajectory using the gravity wave property relating angle of ascent and frequency. The wave sources appear to be in the vicinity of the poleward border of the auroral oval, at magnetic local times up to 5 hours before local magnetic midnight.
Introduction
Generation of atmospheric gravity waves in or near the auroral electrojets is well documented. Early evidence of ionospheric waves travelling from the polar regions (e.g. Heisler, 1958; Munro, 1958; Georges, 1968; Testud and Vasseur, 1969) , and theoretical studies (e.g. Chimonas and Hines, 1970; Richmond, 1978) have been followed by further observations and interpretation (such as Spencer et al., 1976; Hernandez and Roble, 1978; Chandra et al., 1979; Crowley and Williams, 1987; Williams et al., 1988 Williams et al., , 1993 Bristow et al., 1994 Bristow et al., , 1996 Lewis et al., 1996; Ma et al., 1998) , including consideration of the consequences for the thermal strucCorrespondence to: J. L. Innis (john.innis@aad.gov.au) ture and dynamics of the atmosphere due to the waves (e.g. Richmond and Roble, 1979) . Reviews by Francis (1975) and Hunsucker (1982) discuss early work, while Hocke and Schlegel (1996) outline results obtained from 1982 to 1996.
Optical studies also revealed evidence for gravity waves with auroral sources. Herrero et al. (1984) using a FabryPerot Spectrometer (FPS) observed wave-like vertical velocity and temperature fluctuations in oxygen λ630 nm emission data (∼240 km altitude) at high northern latitudes, which appeared consistent with their model of a heating source at 120 km altitude. Rees et al. (1984a) showed large amplitude (100-200 m s −1 ), thermospheric vertical winds occur on the poleward edge of the auroral oval. Rees et al. (1984b) considered the implications of these data for the generation of gravity waves.
De Deuge et al. (1994) conducted a long-term photometric study over Mawson station, Antarctica, at both λ630 nm (from ∼240 km altitude) and λ558 nm (from ∼120 to 150 km altitude) wavelengths. Waves seen at λ630 nm preferentially propagated to the magnetic north of the station, with a smaller number propagating magnetic south. They accounted for this assuming that the auroral oval (the likely source of the waves) generates both poleward-and equatorward-travelling waves. At intervals of low to moderate activity the oval is mostly poleward of Mawson. During high-magnetic activity, the oval may be equatorward of Mawson for an extended time. This allowed the detection of some magnetically-south directed waves.
Gravity waves in the polar cap thermosphere were seen in Dynamics Explorer-2 satellite data by Johnson et al. (1995) . Fifty-one waves were detected, with typical vertical velocity amplitudes of around 100 m s −1 , periods around 1000 s, and they appeared to travel from the night-to the day-side. Fifteen polar cap waves were observed by MacDougall et al. (1997) , using digital ionosonde data from three northern high-latitude sites, with properties comparable to those seen by Johnson et al. (1995) when differences in observational techniques were taken into account. Hall et al. (1999) used the Saskatoon SuperDARN radar to detect equatorward travelling F-region gravity waves and found the source locations were on the poleward side of the auroral oval, at least during intervals of low magnetic activity, when their ground-scatter observations were possible. Innis et al. (1997 Innis et al. ( , 1998 suggested the source of polar cap waves may be linked to thermospheric upward winds at the poleward edge of the auroral oval, and that wave dissipation could heat the high-latitude thermosphere. Large upward winds, up to 100 to 200 m s −1 , were seen first in F-region DE-2 spacecraft data by Spencer et al. (1982) at auroral latitudes. Price et al. (1995) observed simultaneous upwellings in the lower and upper thermosphere (∼150 and ∼240 km altitude) on the poleward edge of the northern auroral oval, noting the upwellings were most likely due to the advection of an existing region of upward winds into the instrument field of view. FPS λ630 nm observations by Innis et al. (1996 Innis et al. ( , 1997 indicate upward winds commonly appear in the high-latitude thermosphere from a region poleward of the oval near local magnetic midnight. Using data from two Antarctic stations, separated by about 800 km, Innis et al. (1999) tracked over several hours a region of upward wind some 6 × 10 11 m 2 in areal extent.
Diurnal and seasonal variations of thermospheric vertical motions have been considered by Aruliah and Rees (1995) , Conde and Dyson (1995) , and Smith and Hernandez (1995) . Smith (1998) reviewed thermospheric vertical winds.
In 1999, we conducted observations at Davis station, Antarctica (geog. long. = 78.0 • E, lat. = −68.6 • S; invariant lat. = −74.6 • S). Our aim was to look for the presence of thermospheric gravity waves over Davis station. We used an FPS to observe the λ630 nm oxygen emission in the vertical direction in several campaigns during the austral winter, together with a multi-channel three-field photometer (3FP). We expected any thermospheric gravity waves would be revealed by vertical velocity motions in the FPS data, correlated with photometric variations in the 3FP observations. Section 2 of this paper presents a brief description of the data sets, methods of reduction, and some example data. Section 3 gives details of the analysis techniques used to search for waves in the data. Results are given in Sect. 4, with a discussion of our findings in Sect. 5.
Experimental details

The FPS
The Davis FPS is similar in design and operation to the FPS at Mawson station, which is described by Jacka (1985) . Observations of a frequency-stabilised HeNe laser are used to derive the instrumental profile, while regular observations of a neon hollow-cathode lamp are used to correct for instrumental drift. The etalon spacing was chosen so that contamination from sky lines from the hydroxyl molecule at λ629.799 nm and λ630.683 nm was avoided (see Innis et al., 1999) . The full-angle field-of-view of the FPS was set to 0.5 • .
Three zenith-direction observing campaigns were run in 1999: 1 March to 15 April; 1 July to 15 August; and 1 September to 20 October. In the first campaign, and for the first few days of the second, one sky/neon lamp observation was obtained approximately every 420 seconds during the night. From 13 July the wavelength range scanned was reduced to improve the time resolution, giving a cycle time of 210 seconds from this date onwards.
Raw λ630 nm sky profiles were processed to yield vertical winds (velocities), temperatures, and relative intensities by deconvolving the instrument function from each sky spectrum, and then fitting a Gaussian function. (Instrumental effects, such as the photomultiplier dark count, are also taken into account.) The wind, temperature, and relative intensity are found from the Gaussian peak position, width, and area under the curve, respectively. Uncertainties in the fitted quantities give an estimate of the observational errors. We show wind and intensity data here, and will briefly mention temperature data when relevant.
A long-standing difficulty with FPS λ630 nm oxygen auroral/airglow observations is that the zero velocity position is extremely hard to determine, as a reference λ630 nm oxygen laboratory source was not available. We adopt the usual approach and determine a zero from the mean zenith wind taken over a given observing night. Aruliah and Rees (1995) concluded that this can lead to errors of the order of 5 m s −1 at geomagnetically quiet times, and up to 10 m s −1 during intervals of increased activity.
The 3FP
The 3FP is described in De Deuge et al. (1994) . Three circular fields of diameters 3.3 • , centred on the zenith and offset from it by 4.7 • , are sequentially observed through four different filters: λ428 nm, λ558 nm, λ630 nm, and λ730 nm. Each observation through a given filter is 2.5 seconds in duration, and a complete cycle running all filters through each field takes 40 seconds.
Data analysis involves resampling the data strings (via the Fourier shift theorem) from each field to a common time origin. Data at times of bright aurora are rejected. A crossspectral analysis of all three fields is performed on selected time intervals to look for the presence of common signals. Phase lags between each field indicate the direction of wave motion (see De Deuge et al., 1994 , for more details).
The data
In the three zenith campaigns, the FPS was operated every night when there was no falling snow or high wind. Approximately 70 nights of data were obtained. We have selected intervals where the maximum amount of recorded cloudiness was 2/8 or less, giving a set of 21 nights. (An all-sky Auroral Imager, AI, observing at λ558 nm, was operated each night. These images assisted significantly in identifying cloud-free intervals, and in tracking the movement and form of auroral displays.) We see a variety of behaviour in the vertical winds on different nights. We present four nights of data to illustrate some of these features, and show what we interpret as wave records on three of these nights. Fig. 1 ). During times of moderate overhead aurora, the vertical winds are generally near zero. At intervals when the aurora is northward of Davis, we see evidence for upward (positive) winds (e.g. ∼20:30 UT). A large event occurs in the vertical wind near 22 UT, with firstly an upward wind near 150 m s −1 (seen in adjacent data points), followed by a downward wind of nearly the same magnitude some 30 minutes later, with a smaller upward wind (∼70 m s −1 ) about 20 minutes after that. Such large upward (and downward) winds appear identical with the winds seen over Mawson and Davis stations, and elsewhere, poleward of the auroral oval (e.g. Innis et al., 1996 Innis et al., , 1997 Innis et al., , 1999 . We discuss below why we believe this is not the signature of an atmospheric gravity wave, although it is possible that these upward winds just poleward of the auroral oval may produce, or be linked to processes that produce such waves (e.g. Rees et al., 1984a,b; Innis et al., 1997) .
DoY 111
(Ap = 12, Fig. 2 ). There was relatively little overhead aurora, apart from the start and end of the night. AI images confirm Davis was in the polar cap for most of the night. Of particular relevance here are the wind data points around 18:30-20 UT, which have the appearance of an oscillation, with a timescale near 20 to 30 minutes and amplitude around 50 m s −1 , to be discussed in the next section.
DoY 202
(Ap = 14, Fig. 3 ). Data from this night show wave-like oscillations in the wind during two clear-sky intervals. The first, near 17 UT, shows several up/down cycles of amplitude around 50 m s −1 , with a period near 1000 s (5 data points). The second, from ∼21 to ∼23 UT, shows a similarly sized oscillation, but with a longer period, with the suggestion that the period decreases during the event. AI images from both instances indicate clear sky conditions, although overhead clouds probably resulted in or contributed to the large zenith winds at ∼20 UT when the aurora was overhead. From the start of the wave-like event at ∼21:15 UT onwards, the aurora was well to the equatorward of the zenith, and at times, over the Davis horizon. As discussed later, the ∼21 to ∼23 UT event may be the signature of a gravity wave.
A revision in the adopted zero level by about 50 m s −1 could change the 21-23 UT event into a series of upward wind events. The run of high positive velocities near 20 UT may give the appearance of depressing the derived zero mean calculated over the whole night. A recalculation of the mean velocity, omitting 40 data points of positive wind near 20 UT, shifts the nightly mean by only 7 m s −1 . The minima in the oscillation near 22 UT, shown in Fig. 3 , are near −50 m s −1 , and are among the most negative of the observations obtained on this night: setting these low values to be the new zero would force almost all the other data points on this night to have positive values. We contend that a revision of ∼50 m s −1 in the zero level is not appropriate.
DoY 220
(Ap = 7, Fig. 4) . A rapid, oscillatory signal is seen near 17 UT, an hour or so after the intensity signal falls, as Davis moves into the cap. A series of large, mostly positive wind observations are also seen around 22-23 UT. We believe the 17 UT event is probably a gravity wave signature, while the latter, mostly upward wind event is of the type previously described (Innis et al., 1996 (Innis et al., , 1997 (Innis et al., , 1999 ).
Analyses -searching for waves
General
Wave-like features in the vertical wind appear on a number of nights. A quantitative assessment of these features was performed by spectral analysis of the wind and intensity time series. The analysis is, therefore, biassed towards the detection of periodic features and thus, a single 'pulselike' gravity wave passing through the field-of-view would not be registered. To the first order, the effect of a gravity wave would be to produce a quasi-sinusoidal variation in the observables. The polar cap waves, detected by Johnson et al. (1995) , showed a quasi-sinusoidal variation in vertical wind and temperature, often over several cycles. At the very least, our approach would selectively detect waves that show the most sinusoidal variation.
Large vertical velocities (including the wave-like events) are seen only when there is no bright aurora overhead. Several explanations are possible. One possibility is that the large velocities are a consequence of poor signal-to-noise data obtained at these times. We counter this, as at times, there are clear point-to-point correlations in the data, extending over a number of points in the time series. In data presented elsewhere (Innis et al., 1996 (Innis et al., , 1997 (Innis et al., , 1999 made at similar signal-to-noise ratios, we documented the presence of large vertical winds and our ability to measure them. Sec- ondly, bright aurora far from the zenith may, at times, scatter detectable signals into the zenith field-of-view (e.g. Price et al., 1995) , particularly when clouds or haze exist, so that the larger horizontal velocity fields may be erroneously ascribed to a vertical motion. For this reason, we have selected data only from cloud-free intervals, although the possiblity exists that we may not have detected very thin clouds. In order for vertical velocity oscillations to have an origin in a scattering of this form, the horizontal wind field must show a similar oscillation. Distinguishing between a directly-measured vertical velocity oscillation and a zenith-scattered horizontal velocity oscillation would require simultaneous zenith and off-zenith observations, which we do not possess. However, for the three cases we present here, DoY 111, DoY 202, and DoY 220, the vertical velocity oscillations are seen even at times where only very faint or moderate aurora is visible on the AI images (at λ558 nm), indicating that scattering of a horizontal velocity signal from a region's bright aurora is unlikely to explain these data. A third possibility is that gravity waves (if that is what they are) are prevented from propagating into the region of the auroral oval. Ishii et al. (1999) note such an effect in their FPI observations, where wave-like events disappear from the wind time series when the aurora moves into the instrumental field-of-view. They speculate that the wind field generated by auroral heating disrupts the wave. A final possibility is that if the source of the waves is in or near the oval at the height of the electrojet (∼120 km), and as the waves propagate obliquely upward, they will reach the λ630 nm emission layer at some non-negligible horizontal distance from the source (e.g. Hines, 1974; Francis, 1975) . Hence, we may not be able to see waves and bright aurora together when viewing the zenith. (One of the referees disagreed with this suggestion, however.)
To detect a periodic signal, a number of cycles must be observed. On nights when overhead aurora was present for all or the majority of the night, the above suggests the chances of detection are reduced. Only 11 of the 21 nights have intervals of two or more contiguous hours with no significant overhead aurora, i.e. there are only 11 nights when we may expect to detect waves. Indeed, we find the wave-like events are from the subset of these 11 nights. The experiment will not, therefore, be sensitive to gravity waves with periods greater than ∼1 hour. Additionally, waves with vertical wavelengths significantly less than, or comparable to, the width of the λ630 nm emission (∼50 km) will not be detected.
Spectral analysis
FPS wind time series were subjected to a standard periodigram analysis using an FFT algorithm. A high-pass filter was applied, which removed power at periods of greater than 2 hours in length, but fully passed all signals of 1 hour or less. The resulting spectra were inspected for peaks that appeared significant at the 5% level (i.e., peaks equal to or greater than twice the variance of the spectra). For the whole night wind spectra, 10 of the 21 nights showed significant peaks; in two cases, we had two significant peaks during the one night, giving 12 instances in all. For these 12 cases, a dynamic spectrum using a window width near 3 hours, stepped by 1.5 hour, was calculated to identify when, during the night, the significant peak occurred. These times corresponded to when a quasi-sinusoidal variation was visibly apparent in the wind time series. To illustrate the results of the analysis, Fig. 5 shows the amplitude spectrum for the whole night wind time series for DoY 202. The peak at ∼ 0.8 mHz is significant at greater than the 3σ level. The signal that gives rise to the peak is localised in time to ∼ 21-23 UT (see Fig. 3 ). The peak amplitude in Fig. 5 appears reduced compared to the amplitude of the oscillation in the time series, as the spectrum is calculated for the entire data string, i.e. the spectrum shows the 'average power' over the night, while the signal is only of a few hours duration.
Upon detection of a peak in the wind spectrum, the FPS and 3FP intensity time series were also inspected. These intensity time series were highly correlated, as would be expected; any periodicity present in the FPS intensity was also seen in the 3FP data. The spectra from the whole night intensity time series tended to be dominated by auroral effects.
However, in some cases, periods seen in the wind spectra on the 10 nights appeared in the whole night intensity spectra as well. (The peak power in the intensity spectrum was normally not at the same frequency as the peak power in the wind spectrum, due to auroral domination.) At certain times, there was also correlation between the wind and intensity.
The 3FP data were used to further investigate the instances where wave-like features were seen. Selections from each time series were made, typically of around 2 hours in duration, centred on the identified time of occurrence of the wave-like event. (Impulsive auroral events were excluded from these selections). The power spectra of the three individual time series were found. Also, the cross-power, crosscoherency, and cross-phase spectra were calculated for each of the three field pairs (1,2), (2,3), and (3,1). In both the individual power spectra and in the cross-power spectra, a peak was identified if the signal appeared significant at the 5% or greater level (i.e. less than 5% probability of occurring by chance). Note that in order to calculate the cross-spectra, a measure of smoothing is required in the frequency domain (e.g. Kanasewich, 1981, p. 136) . We used the minimum possible amount of smoothing over three frequency bins. If the frequency of the cross-spectral peak was within ±1 bin (typically 0.1 mHz) of the peak, as seen in the wind power spectrum, it was assumed that the signals were of common periodicity. The measured phase lags between the three fields, together with the frequency information, allow estimates to be made of wave speed, direction of travel, and wavelength (see De Deuge et al., 1994) .
Results
Of the 12 cases, from 10 nights, with significant power in the FPS wind time series, there were six instances with power at a similar frequency in the FPS and 3FP intensity time series, together with significant cross-spectral power between the 3FP fields. In four of the other cases, the 'wave-like' event in the FPS wind appeared to be due to a quasi-periodic movement into and out of the FPS field-of-view of a region of upward wind at the poleward edge of the auroral oval. One such case was on DoY 255 at ∼22 UT (Fig. 1) . For these cases the FPS and 3FP intensities showed no significant power at the detected frequency, but instead, showed a decline and recovery, with a minimum centred on the time of occurrence of the wind event. This is interpreted as an intensity decrease as the oval moves equatorward, away from the field-of-view (bringing the region of large vertical wind into the Davis zenith), followed by a recovery, as the oval moves back towards the Davis zenith. Similar examples have been seen at Mawson (Innis et al., 1996) . On 1 other night, large excursions in the wind had no apparent correlation with the 3FP data. The final case was for a wave-like event in the wind that extended into morning twilight. Data collection with the 3FP stops before the FPS, as the FPS gives greater background rejection and hence, for most of the wave-like event, there are no 3FP data. A low-frequency rejection filter was applied to the FPS intensity data. However, the resulting power spectrum did not show a periodicity comparable to that seen in the wind data.
Close inspection of the six cases where similar periods were detected in the wind and intensity spectra indicated that in two cases, the intensity spectral peaks arose from lowlevel, but impulsive, auroral events, separated in time by an interval comparable to the period of oscillation seen in the wind. However, these auroral events were not simultaneous in time with the wind oscillation, but commenced around 1 to 1.5 hour after the wind oscillation had begun. We conclude that the occurrence of peaks of comparable frequency in the wind and intensity spectra is coincidental in these cases. For a third case, the intensity time series shows much lower amplitude variation. Analysis reveals peaks at many frequencies in the low resolution spectra. Again, we believe the presence of similar signals in the wind and intensity spectra is coincidental in this case. The wind oscillations for these three instances may have a wave origin. However, as there is only limited information regarding wave properties that could be derived from the FPS data alone, we will not discuss these cases further, except to note the periods seen in the vertical wind ranged from 15 to 30 minutes, with amplitudes from 40 to 70 m s −1 .
We are left with three events, from the eleven nights of data, which are suitable for analysis, where there is a common signal in the wind and intensity data; these are DoY 111 (Fig. 2) ; DoY 202 (Fig. 3) ; and DoY 220 (Fig. 4) . In each case there is an interval of 1 to 2 hours where the wind shows a quasi-sinusoidal signal at a time of very low λ630 nm intensity emission. There is an indication for DoY 202 and DoY 220 that the period of the intensity variation is around 10% shorter than for the wind, as the intensity variation moves forward in phase, relative to the wind variation, over several cycles. and discuss how the phase relationships between gravity wave observables change with height. We assume any wave we detect will be moving obliquely upward, so that the mean height of wave action increases. Whether this is an explanation for the phase changes we observe, we are unable to determine from our λ630 nm data.
Assuming that the 3FP intensity variations were due to waves with fronts large enough to be treated as planar, we derived wave parameters for the three cases where the spectral analysis indicated that significant periodicities were present in wind and intensity.
The size of the intensity oscillations, during the intervals of wave-like behaviour in the wind is of the order of 50 to 100 R, based on an approximate conversion from relative to absolute intensities for the FPS. Such changes are dwarfed by moderate aurora, which is why the peak power in the whole night intensity spectra is not normally at the frequency of the wave-like feature seen in the wind. estimate that the size of the λ630 nm airglow emission changes expected, due to the passage of a gravity wave, is of the order of 100 R.
Derived wave properties are summarised in Table 1 , and are further discussed in the following section. The columns are: 1) day of year the wave was observed; 2) wave frequency (in mHz); 3) amplitude of vertical wind, in m s −1 . Note that the full range is twice the amplitude in this and the following; 4) amplitude in intensity, in kR; 5) amplitude of vertical displacement, from the measured frequency and vertical velocity changes, in km; 6) horizontal phase velocity, v H , from the 3FP cross-spectral analysis, in m s −1 ; 7) direction of wave travel (geographic, Northward = 0 • , Eastward = 90 • , etc.); 8) horizontal wavelength in km, from the frequency and horizontal phase speed; 9) approximate Universal Time of the middle of detected wave event, from inspection of the FPS time series; and 10) 'wave packet' speed, P x : an estimate of the speed of energy flow (as opposed to the phase speed), in m s −1 . Packet speeds come from equation 33 of Hines (1974) . Here we identify the derived wave parameters as the central values of a well-defined packet. We calculated this to estimate the motion of the wave energy, rather than use phase velocity. We use a value of the Brunt-Vaisala frequency of 1.3 mHz, a representative value for 240 km altitude at ∼1000 K, and note P x is dependent on the value used.
Vertical wavelengths can be found from the wave frequency, horizontal wavelength, and gravity wave dispersion relation. They also depend on the adopted value of the BruntVaisala frequency, particularly for the higher frequency waves. The values found are from ∼200 km to ∼400 km, with relative errors comparable to those for the horizontal wavelengths (±30 to 50%). These values are approximate, but are consistent with the constraint that we would not detect waves with a vertical wavelength comparable to or less than ∼50 km, the altitude width of the λ630 nm emission.
Error estimates in Table 1 come from estimated uncertainties in the measured phase lags from the cross-spectral analysis. Trials using slightly different data intervals indicate phase errors, up to 0.1 in phase, are likely, which are propagated through to give the uncertainties in the other quantities.
Phase relations between the observables have been investigated. There is significant cross-spectral power between the FPS wind and intensity on only one night, DoY 202, with marginal evidence on the others. This may be a consequence, in part, of the reduced temporal resolution of the FPS intensity data, as compared to the 3FP data. For DoY 202, the intensity leads the vertical wind variations by 1.9 rad, or approximately 110 • .
Discussion
Waves listed in Table 1 have characteristics comparable with thermospheric gravity waves. While this could be due, in part, to operational limitations (for example, the FPS data would only reveal periods from ∼6 minutes to ∼1 hour), we had two instruments operating, and have selected wave-like events only when a similar periodicity was detected by both. Vertical velocity, intensity, and height changes are from the FPS; speeds, directions, and wavelengths are from the 3FP, giving some independence in the measured quantities. Table 2 compares the waves found by Johnson et al. (1995) and MacDougall et al. (1997) with the current results, although our sample size is very small. We give wave periods (in minutes) here, with the other symbols in the column headings, as in Table 1 . The agreement is good except that the vertical displacements ( H ) of MacDougall et al. (1997) are several times larger. MacDougall et al. (1997) discussed how spatial resonance effects produced increased vertical displacements for their data, and also noted that Doppler shifting by the background wind may have produced ob- served periods up to twice the intrinsic values. Additionally, our estimated intensity changes are consistent with gravity wave amplitudes. We therefore identify atmospheric gravity waves as the likely cause of the wave-like events in our data. Wave frequencies, horizontal velocities, and horizontal wavelengths are comparable to those of medium-scale waves (Georges, 1968; Hunsucker, 1982) . We have no measurements of the background winds, and hence do not know the true (intrinsic) frequencies of the waves.
No significant temperature variations were seen to accompany the waves. The region poleward of the austral auroral oval shows a marked spatial gradient in temperature (Innis et al., 1997 (Innis et al., , 1998 . Temperatures measured some 400 km to the poleward could be several hundred degrees higher than those measured in the oval. We suspect that a similar gradient exists over Davis, and as the region moves slightly, relative to the station, it gives rise to measurable but seemingly random temperature changes, which dominate the time series.
Using the known properties of gravity waves the source position can be estimated. We assume that the source altitude is ∼125 km, near the representative electrojet height, and our observations of λ630 nm emission are from ∼240 km altitude. Wave frequency determines the angle of energy ascent (e.g. Hines, 1974) , allowing us to estimate the horizontal distance from source to station.
For waves of frequency much greater than the inertial frequency, the angle of energy ascent is tan −1 (k/m), where k and m are the horizontal and vertical wavenumbers, related to each other and the wave frequency by the gravity wave dispersion relation. Use of this relation, again, ignoring inertial effects, gives:
where N is the Brunt-Vaisala frequency and ω is the wave frequency. The Brunt-Vaisala frequency, and hence angleof-ascent, changes with altitude. We used the measured wave frequencies and a calculation of N with altitude to determine the local wave ascent angle, in 25 km altitude steps, from the assumed source height to the λ630 nm emission height, and hence find the source distances. We assume the waves travel directly from source to the region of observation, and are not reflected from the ground en route. Distances derived are very dependent on the value of the N at each height. We also neglect any effect from background winds. Davis-source distances found must be regarded as estimates only. From the travel directions and Davis-source distances, we find the approximate source location by calculating back, in time, along the wave path, correcting for the Coriolis effect. A wave-launch time can also be found, strictly speaking, the mid-time of wave production, as time integrated properties are measured. Converting the source geographic location into geomagnetic coordinates via the GEO-CGM program gives an estimate of the time of wave launch in magnetic local time (MLT). Davis-source distances, wave launch times (in UT and magnetic local time), the calculated geomagnetic latitude ( ) of the source, and the 3-hourly Kp index at launch are given in Table 3 . Calculated source positions for the waves range from ∼ −71 to −78 • , and have an approximate mid-time of generation ranging from 19 to 23 hours MLT.
All-sky data taken up to ∼1 hour before the calculated wave launch times were inspected, and for DoY 111 and DoY 220 the poleward edge of the oval was well to the magnetic north of Davis. For DoY 202 overhead aurora was seen up to 30 minutes before launch; this is the wave with a source location well to the magnetic south of Davis. On this night the 3-hourly Kp in the 18-21 UT interval was 5 − . This was just prior to the estimated mid-time of launch. It seems likely that the oval was over Davis at this time, following a poleward sub-storm surge.
The latitude of the oval can be estimated via the Fel'dshteyn (1963) parameterisation of Holzworth and Meng (1975) . For low activity, the poleward boundary is near geomagnetic latitude = −73 • , and the equatorward border near ∼ −69 • , at midnight MLT. For moderate activity the corresponding latitudes are −72 • and −65 • , respectively. Siscoe (1991) notes the poleward border of the oval is much more dynamic than the equatorward border.
The waves have sources near or somewhat poleward of the poleward edge of the representative, near-midnight, auroral oval. However, because of the uncertainties in the exact time of launch, and the rapid and large movement of the oval, we cannot determine the exact source position relative to the instantaneous oval. Attempts to address this question further, using both our ground-based AI data (as noted above) or satellite images, are subject to the uncertainty in the location of the wave source. We can conclude, however, that a source near the poleward auroral oval boundary is consistent with aspects of the results of De Deuge et al. (1994) . Hall et al. (1999) also found evidence for wave sources slightly poleward of the usual (northern) auroral zone. Bristow et al. (1994) found the sources of northern hemisphere mediumscale waves seen during daylight hours were either near local magnetic noon at ∼ +80 • , or ∼ +75 • and 16 hours MLT. Interestingly, both locations are also just poleward of the low activity auroral oval at these MLTs, and the second is comparable (albeit, in the opposite hemisphere) to the calculated source position of the DoY 220 wave.
Magnetic local times of wave launch can be compared to when upward winds were seen over Mawson station (Innis et al., 1997, Fig. 1 , magnetic midnight at Mawson is ∼22:30 UT). Vertical winds at Mawson were seen from ∼18 hours to ∼04 hours MLT, with most occurring from ∼22 hours to ∼01 hours MLT. Upward wind events and wave generation appear to be linked to processes occurring on the poleward edge of the night-side oval, in the hours preceeding magnetic midnight. However, a direct connection between these two phenomena cannot yet be considered established.
Existence of high-latitude sources of equatorward propagating waves has been known for some time (see references cited earlier). It is reasonable to expect such sources can generate poleward propagating waves as well. For example, Mayr et al. (1990) interpret certain DE-2 observations by a model which includes both an equatorward and a poleward travelling wave. Modelling studies by Millward et al. (1993) and Balthazor and Moffett (1999) identify the generation of poleward-and equatorward-travelling waves in response to a high-latitude electric field enhancement. The waves detected in this work appear to be generated in or near the auroral oval, although their exact origin is not yet clear.
Only a small number of waves were seen in our data, but as noted, there is evidence for wave activity on at least three of the eleven nights when conditions were suitable for detection. The waves border on the detection limit of our current FPS, and it is likely that comparable or smaller amplitude waves could be present and not be detected. MacDougall et al. (1997) noted their data indicated small vertical velocity oscillations were almost always present, but the weaker oscillations, some of them probably due to lower amplitude waves, were not suitable for analysis. Hall et al. (1999) report similar findings for equatorward propagating waves. Additionally, our analysis selects only periodic oscillations. It would be important to quantify the properties of smaller amplitude oscillations, and possible non-periodic wave variations, in order to obtain a more complete understanding of the polar cap wave spectrum. Establishing the nature and number of polar cap waves may be important for understanding the detailed dynamics and thermodynamics of the polar cap. An analysis of 5 years of 3FP data from Davis is in progress.
Conclusion
We have performed a detailed search for periodic variations in the vertical wind and photometric intensity time series from FPS and 3FP data from Davis station in 1999. There is evidence for a small number of oscillations consistent with polar cap gravity waves. Assuming a wave source at the auroral electrojet height of ∼125 km, and wave ascent angles consistent with the properties of gravity waves, we find source locations for the waves appear to be in or near the poleward edge of the auroral oval, at magnetic local times up to 5 hours before magnetic midnight.
